We conducted a phase II study of pegylated interferon alfa-2a (PEG-IFN-␣-2a) in patients with essential thrombocythemia (ET) and polycythemia vera (PV).
INTRODUCTION
Essential thrombocythemia (ET) and polycythemia vera (PV) are myeloproliferative neoplasms (MPNs) associated with increased risk of thrombotic and hemorrhagic complications. In addition, a subset of these MPNs will evolve into myelofibrosis or progress to acute myeloid leukemia. The V617F somatic mutation at exon 14 of the JAK2 gene, which causes the substitution of phenylalanine for valine at position 617, is frequently detected in these MPNs. [1] [2] [3] [4] [5] JAK2 V617F is present in 95% of patients with PV and in 50% to 60% of patients with ET, [1] [2] [3] [4] [5] is linked to an increased risk of thrombosis, and has been proposed as a marker to monitor treatment response. [6] [7] [8] Current therapy for ET or PV is predicated on the risk of major hemorrhagic or thrombotic events. 9, 10 Whereas patients with low-risk ET are managed with low-dose aspirin, patients with lowrisk PV are treated with phlebotomy and aspirin. For most patients with high-risk ET or PV, hydroxyurea remains the agent of choice and is the only proven therapy to reduce life-threatening thrombotic events. 11 The leukemogenic potential of hydroxyurea, particularly in association with other cytoreductive agents, remains a concern when treating young patients for extended periods of time. 12, 13 Interferon alfa (IFN-␣) reduces significantly the colony-forming ability of erythroid, granulocytic, and megakaryocytic progenitors in patients with MPNs, 14 but excessive toxicity and inconvenient dosing schedules have prevented the generalized use of this agent. Pegylated IFN-␣ (PEG-IFN-␣) has a superior pharmacokinetic and toxicity profile compared with standard IFN-␣. 15 In chronic myeloid
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leukemia, PEG-IFN-␣-2a resulted in superior survival compared with IFN-␣-2a. 16 In a recent phase II study of PEG-IFN-␣-2a involving 40 patients with PV with limited or no exposure to cytoreductive therapy, most patients achieved a complete hematologic response (CHR), and in 24% of patients, the JAK2 V617F mutation became undetectable, suggesting that PEG-IFN-␣-2a could eradicate the malignant clone. We sought to evaluate the activity of PEG-IFN-␣-2a in patients with advanced ET or PV. The main objectives of this trial were to establish the efficacy and tolerability of PEG-IFN-␣-2a in patients with these MPNs and the impact of this therapy on the dynamics of JAK2 V617F mutation.
PATIENTS AND METHODS

Inclusion and Exclusion Criteria
Patients with a diagnosis of ET or PV (according to the PV Study Group 2005 criteria), either newly diagnosed or previously treated, were eligible provided they had an Eastern Cooperative Oncology Group performance status Յ 2, serum creatinine less than 2.0 mg/dL, serum bilirubin Յ 2.0ϫ the upper limit of the normal range, and normal cardiac function and were off chemotherapy for at least 1 week before entering the study (hydroxyurea or anagrelide was allowed for up to 1 month after the study entry if judged necessary). Exclusion criteria included standard contraindications to the use of PEG-IFN-␣ (eg, history of psychiatric disorder, particularly depression, autoimmune disorders, hypersensitivity to IFN-␣, ischemic retinopathy, systemic infections such as hepatitis B or C or HIV), pregnant or lactating women, history of severe heart disease, renal disease on hemodialysis, or seizure disorder requiring anticonvulsant therapy. All patients signed an informed consent approved by The University of Texas M. D. Anderson Cancer Center Institutional Review Board.
Treatment Schedule
The first three patients in the study received PEG-IFN-␣-2a subcutaneously at 450 g weekly. As a result of poor tolerance, the starting dose was decreased in a stepwise manner by 90-g decrements based on tolerance (360 g weekly, n ϭ 3; 270 g weekly, n ϭ 19; 180 g weekly, n ϭ 26) to 90 g weekly, which was subsequently used as a starting dose in the remainder of patients (n ϭ 28) accrued to the study. PEG-IFN-␣-2a was administered for as long as the patient obtained a clinical benefit. The dose was reduced based on toxicity or escalated in the absence of response and significant toxicity for 3 months. Therapy was maintained, if possible, in the event of grade 1 or 2 toxicity. In the event of persistent significant grade 2 toxicity or grade 3 or 4 toxicity, therapy was interrupted until resolution of the toxicity to grade 0 or 1 and resumed at the immediate lower dose level. Exceptionally, alternative dose schedules were allowed to achieve optimal benefit (eg, 90 g every 2 weeks).
Patient Evaluation
Baseline studies included a complete physical examination, CBC count, comprehensive biochemistry panel (including liver function tests), pregnancy test, and bone marrow (BM) aspiration and biopsy with cytogenetics and molecular JAK2 V617F testing. Follow-up evaluations included complete physical examination every 3 to 6 months; CBC and comprehensive biochemistry panel every other week for 4 weeks, then every 1 to 2 months for 12 months, and then every 3 months; thyroid function tests every 6 to 12 months; and BM aspiration and biopsy every 3 to 6 months, with JAK2 V617F quantitation and cytogenetics when in complete remission. Toxicity was evaluated using the National Cancer Institute Common Terminology Criteria for Adverse Events (version 3.0).
Response Criteria
CHR in patients with ET was defined as normalization of platelet counts (Յ 400 ϫ 10 9 /L) without the use of hydroxyurea or anagrelide and in the absence of thromboembolic events. Partial hematologic response required at least a 50% reduction in platelet counts (but still Ͼ 400 ϫ 10 9 /L). CHR in patients with PV was defined as normalization of hematocrit (Ͻ 45% in males and Ͻ 42% in females), WBC and platelet counts, and spleen size, without the use of phlebotomies, hydroxyurea, or anagrelide and in the absence of thromboembolic events. Partial hematologic response required the documentation of at least a 50% reduction in phlebotomy requirements or spleen size. JAK2 V617F was detected in DNA samples extracted from BM specimens by polymerase chain reaction and quantitated by a pyrosequencing assay (sensitivity 5%) developed at The University of Texas M. D. Anderson Cancer Center (Houston, TX). In the absence of mutation, patients were screened for exon 12 mutations by Sanger sequencing as previously described. 17 Complete molecular response (CMR) required undetectable levels of JAK2 V617F mutation; partial molecular response required Ն 50% reduction of baseline JAK2 V617F mutation level; and minor molecular response required 20% to 49% reduction of baseline JAK2 V617F mutation level, as reported previously. 7 Similar molecular response criteria have recently been proposed by the European LeukemiaNet.
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Statistical Considerations This is a prospective, open-label, single-center, phase II trial of PEG-IFN-␣-2a for patients with ET or PV. In each disease, a response rate Ն 35% would be accepted as evidence of good efficacy to be further pursued in disease subsets in larger studies. Therefore, in each disease category, the study was to be Abbreviations: PV, polycythemia vera; ET, essential thrombocythemia; PEG-IFN-␣-2a, pegylated interferon alfa-2a.
stopped if responses were seen in less than one of 11 patients or less than two of 15 patients. Otherwise, it would accrue up to 80 patients (40 with ET and 40 with PV) to better define the response and toxicity profiles. In the total study group, a severe toxicity rate of Ն 20% was not allowed. Therefore, the study would also stop if severe toxicity was observed in more than seven of 15, 11 of 30, or 15 of 45 patients. The statistical analysis for response rates was determined on an intent-to-treat basis.
RESULTS
Patient Characteristics
The patient characteristics of the study cohort are listed in Table  1 . Seventy-nine patients (40 with PV and 39 with ET) have been accrued thus far. Eighty-one percent of patients with ET and PV had received some form of medical therapy (aspirin not accounted for) before enrollment, including standard IFN-␣ in 18% of patients with PV and 13% of patients with ET. More than 50% of patients with ET had received both hydroxyurea and anagrelide before enrollment. In accord with prior series, 95% of patients with PV and 46% of patients with ET carried JAK2
V617F
. The median allele burden was 64% (range, 18.5% to 94.6%) and 23% (range, 2.9% to 55.5%) for patients with PV and ET, respectively.
Hematologic Response to PEG-IFN-␣-2a
The current median follow-up time is 21 months (range, 2 to 45 months). Seventy-seven of the 79 enrolled patients were evaluable for response (it is too soon to evaluate two patients). Similar rates of hematologic response were observed in patients with ET and PV ( Fig  1A) . The overall hematologic response was 80% for patients with PV and 81% for patients with ET, including a CHR rate of 70% and 76% for PV and ET, respectively (Fig 1B) . Most responses were achieved within the first 3 months of therapy. The median time to CHR was 47 days (range, 3 to 350 days) for the whole cohort. Hematologic responses were durable. All responders were able to maintain their hematologic response. the JAK2 V617F mutant allele burden was quantitated on at least two different occasions, and these patients were considered evaluable for molecular response ( Table 2 ). The overall molecular response rate was 38% for ET and 54% for PV. The estimated cumulative incidence of molecular response with PEG-IFN-␣-2a is shown in Figure 1C . Unlike hematologic responses, which were rapidly achieved in most patients, the achievement of meaningful molecular responses required exposure to PEG-IFN-␣-2a for at least 6 months. In one (6%) of 16 evaluable patients with ET and five (14%) of 35 patients with PV, the JAK2 V617F mutation became undetectable; these patients were considered to have achieved a CMR, which was confirmed in successive analyses in four of the six patients and has been ongoing for more than 12 months in three of the patients (Fig 1D) . In addition, 13% of patients with ET and 29% of patients with PV achieved a partial molecular response, which was defined as a reduction of the mutant allele burden of at least 50% from the baseline.
Molecular Response and Dynamics of
Twenty-three (66%) of 35 and two (13%) of 16 evaluable patients with PV and ET, respectively, were considered homozygous for the JAK2 V617F mutation because they carried more than 50% mutant alleles. Notably, the dynamics of molecular response were different between the ET and PV cohorts (Fig 2) . Whereas patients with PV experienced a marked decrease of the mutant allele burden from a median of 64% before start of PEG-IFN-␣-2a therapy to 12% after 24 months (P ϭ .0009), this decrement was not significant in patients with ET. The limited cohort size notwithstanding, these results suggest that PEG-IFN-␣-2a may induce a deeper level of molecular response in patients with PV compared with ET and that the molecular responses induced by this agent are independent of the initial JAK2 V617F mutant allele burden. Interestingly, the JAK2 V617F mutant allele burden continues to decrease after a median follow-up of 21 months, with no clear evidence for a plateau.
Toxicity
Ninety-six percent of patients developed some toxicity, but this was generally grade 1 or 2. The most frequent grade 3 or 4 toxicity was neutropenia, which occurred in 20% of patients (Table 3) . Interestingly, the toxicity profile of PEG-IFN-␣-2a was significantly more benign in the 28 patients who started therapy at 90 g weekly (Table  4 ). This dosing schedule resulted in no grade 4 toxicities and a low rate of grade 3 toxicities, including neutropenia in two patients (7%) and infection, diarrhea, depression, and elevated liver function tests in one patient (4%) each. To date, 17 patients, accounting for 22% of the initial cohort, have been taken off study. Only eight patients (10%) experienced PEG-IFN-␣-2a-related events necessitating discontinuation of therapy; events included retinal infiltrates (n ϭ 1), autoimmune disease (n ϭ 1), and multiple unacceptable grade 1 or 2 toxicities (n ϭ 6). The remaining nine patients went off study for a variety of reasons, including relapse of a prior acute myeloid leukemia (n ϭ 1), progression of disease to myelofibrosis (n ϭ 1), inability to continue as a result of other comorbid conditions (n ϭ 1), motor vehicle accident (n ϭ 1), noncompliance (n ϭ 2), withdrawal of consent (n ϭ 1), and death as a result of unrelated causes (n ϭ 2; heart disease and central pontine myelinolysis). Table 5 lists the current distribution of the 62 patients still on study according to the dose schedule of PEG-IFN-␣-2a. Of note, 79% of patients are receiving PEG-IFN-␣-2a at either 90 g weekly or even less intense dose schedules with adequate response. 
DISCUSSION
Patients with ET or PV have a clinical course characterized by a thrombophilic state, which results in arterial and venous thromboses that greatly impact on morbidity and mortality. Current treatment strategies for these MPNs are directed toward normalization of blood cell count, thus minimizing the risk of vascular events, which is estimated to occur at a rate of 1.5% to 6% per year. 6 For patients with high-risk ET or PV, the agent of choice to manage hyperviscosity is hydroxyurea in combination with low-dose aspirin. 6, 19 Hydroxyurea provides effective control of the hematocrit in approximately 80% of patients and of the platelet count (Ͻ 400 ϫ 10 9 /L) in 55% of patients 20 and has been shown to decrease the JAK2 V617F allele burden by at least 50% in 33% of patients. 21 Nonetheless, thrombosis and the potential oncogenicity of prolonged exposure to hydroxyurea in young patients are of concern. Mounting evidence suggests that patients carrying the JAK2 V617F mutation have a higher incidence of thrombotic events compared with JAK2 V617F -negative patients. 22 Therefore, nonleukemogenic therapies that reduce the JAK2 V617F allele burden are appealing. IFN-␣ is a nonleukemogenic agent active in MPNs. In a study recently reported by French investigators, 37 patients with (mostly) newly diagnosed PV were treated with PEG-IFN-␣-2a and observed for a median of 31 months. 23 PEG-IFN-␣-2a therapy was associated with a CHR rate of 78%, including 24% of patients in whom the
JAK2
V617F mutation, present in most patients at diagnosis, became undetectable. Our study complements the French study because it differs in two important aspects. First, we extended the scope of our investigation not only to patients with PV but also to patients with ET, an MPN generally associated with low disease-related mortality rates but subject to a similar vascular risk as patients with PV. Second, most patients had received MPN-directed therapy for prolonged periods of time before starting PEG-IFN-␣-2a. The CHR rate was 76% for patients with ET and 70% for patients with PV; the molecular response rate was 38% for ET and 54% for PV. Both the French study and our study used a stringent set of response criteria compared with prior studies involving patients with ET or PV. A complete response not only required the normalization of hematocrit and platelet counts, but also the resolution of splenomegaly and the normalization of WBC count. The latter had frequently been overlooked as a response criterion but has been found to be an important risk factor for the development of thrombosis by several independent groups. 24-26 It is critical for future studies to adopt stringent response criteria like the ones used herein or the recently proposed criteria by the European LeukemiaNet, which also include spleen size assessment by computed tomography or ultrasound and evaluation of disease-related symptoms, 18 neither of which was available in our patients.
Among patients who achieved a molecular response, the JAK2 V617F mutation became undetectable in 6% of those with ET and in 14% of those with PV. This level of response had never been Neutropenia  3  8  0  0  1 2  3 1  1  3  1 6  2 0  Elevated LFTs  2  5  0  0  3  8  0  0  5  6  Fatigue  1  3  0  0  2  5  0  0  3  4  Pain  1  3  0  0  1  3  0  0  2  3  Infection  1  3  0  0  1  3  0  0  2  3  Depression  1  3  0  0  1  3  0  0  2  3  Diarrhea  1 reported with other forms of IFN-␣. The exposure to PEG-IFN-␣-2a required to achieve a molecular response was significantly longer than that necessary to attain a hematologic response, the latter being achieved almost invariably within 3 months from the start of therapy. A significant proportion of patients with PV (66%) were homozygous for the JAK2 V617F mutation, likely as a consequence of mitotic recombination at chromosome 9p, [1] [2] [3] [4] [5] but this phenomenon was more infrequent in patients with ET (13%). 27 The dynamics of molecular response seemed to differ in ET and PV, with the latter patients experiencing, as a group, a statistically significant decrease in JAK2 V617F allele burden. Although the limited number of patients precludes drawing definitive conclusions, it seems that a higher allele burden may render JAK2 V617F -positive PV precursors more sensitive to PEG-IFN-␣-2a than JAK2
V617F
-positive ET precursors. However, one should also note that our patients with ET seemed to have more aggressive disease than usual, with many patients carrying cytogenetic abnormalities and more that 50% being previously treated with both hydroxyurea and anagrelide.
Molecular responses, even after a median follow-up time of 21 months, continue to improve. Long-term follow-up of this cohort of patients will assess whether this trend is maintained beyond the 2-year landmark. None of the patients in whom the mutation became undetectable had a molecular relapse. Collectively, these results suggest that PEG-IFN-␣-2a could eradicate JAK2 V617F -positive BM progenitors in patients with ET or PV. This is supported by the recent report by Kiladjian et al 23, 28 in patients with PV in which seven patients achieved a CMR and five patients maintained such response even after PEG-IFN-␣-2a discontinuation. In one of those five JAK2 V617F -positive patients who achieved CMR, no evidence of JAK2 V617F -positive marrow erythroid progenitor cells was found, either after erythropoietin stimulation or in endogenous erythroid colonies. In the remaining four patients, mutant progenitors were detected at low frequencies, suggesting the ability of some progenitor cells to generate endogenous erythroid colonies in a JAK2 V617F -independent manner. 28 The significance of these findings, both biologically and practically (possible testing for minimal residual disease and possible stopping of therapy in patients with negative result), is currently unknown. It is tempting to speculate that the results reported are a direct consequence of the ability of PEG-IFN-␣-2a to suppress the proliferation of hematopoietic progenitors, inhibit BM fibroblast progenitor cells, and decrease the levels of profibrogenic cytokines in BM. [29] [30] [31] [32] In addition, several recently identified PV-associated antigens may represent targets against which PEG-IFN-␣-2a may direct humoral and cellular immune responses.
33
Therapy with PEG-IFN-␣-2a, unlike standard IFN-␣, is relatively well tolerated, with neutropenia being the most frequent grade 3 to 4 toxicity. The discontinuation rate caused by PEG-IFN-␣-2a-related toxicity was only 10% and was mostly seen with the higher initial doses used in the study (180 to 450 g weekly). An initial dose of 450 g weekly was selected based on a dose-escalation study of PEG-IFN-␣-2a in chronic myeloid leukemia. 34 In our study, however, this dose resulted in an unacceptable rate of toxicity and was decreased by 90-g decrements until the starting dose was set at 90 g weekly. This dose resulted in minimal grade 3 to 4 toxicities and high activity, and most patients are currently receiving PEG-IFN-␣-2a at 90 g weekly or even less intense dose schedules with excellent efficacy.
In conclusion, PEG-IFN-␣-2a results in high rates of hematologic and molecular responses in patients with advanced, previously treated ET or PV, with an excellent toxicity profile when the drug is administered at 90 g weekly. The JAK2 V617F mutation becomes undetectable in a subset of patients receiving PEG-IFN-␣-2a, suggesting a preferential effect on the malignant clone. Longer follow-up of this cohort of patients will further establish the long-term clinical implications of eliminating JAK2
V617F
-positive clones, such as the exciting possibility of safely discontinuing therapy in patients in complete molecular response. 
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